Combining data from Gaia DR2, SDSS DR14 and LAMOST DR6, we update the fit to model of the properties of the stellar stream GD-1 and find that it has an age of ∼ 13 Gyr, [Fe/H] of −2.2 ± 0.12, and a distance from the sun of ∼ 8 kpc. We tabulate 6D phase-space fiducial points along the GD-1 stream orbit over a 90
INTRODUCTION
The stellar stream GD-1 was discovered by Grillmair & Dionatos (2006) . It was traced over 63
• on the sky (and now is known to extend over ∼ 90
• ) but is only ∼ 0.5 • wide. Using velocity and metallicity measures of stream members from the Sloan Extension for Galactic Understanding and Exploration (SEGUE) survey (Yanny et al. 2009 ), Willett et al. (2009 fit a retrograde orbit of perigalacticon 14.4 kpc, apogalacticon 28.7 kpc, inclination i ∼ 35
• and [Fe/H] = −2.1±0.1. Later, Koposov et al. (2010) fit a 6D phase space map of the stream, which strongly constrains the circular velocity at the Sun's radius and the shape of the Galactic potential (also see Bowden et al. (2015) ; Bovy et al. (2016) ). Koposov et al. (2010) also noted stellar density fluctuations along the stream, and conjectured that the clumps and holes may be related to either the history of the disruption process or interaction of the stream stars with dark matter subhalos around the Milk Way. Carlberg & Grillmair (2013) and Carlberg (2016) interpreted these gaps as massive dark matter subhalo encounters with this cold stellar stream. Recently, Price-Whelan & Bonaca (2018) find two big gaps and one spur along the GD-1 trace. The gap at φ 1 ∼ −45
• is also reported by de Boer et al. (2018) . We also notice the work of Huang et al. (2018) , but our work is different from it in both methods and contents.
In this paper, we refine GD-1 stream parameters and discuss all the topics mentioned above by combining data from Gaia DR2, SDSS DR14 and LAMOST DR6. This paper is organized as following: In Section 2, we will present the color-magnitude diagram(CMD), metallicity, 6D phase-space along the trace; Then the orbit fitting is practiced in Section 3; The stellar density fluctuation along the stream trace and blue horizontal branch(BHB) stars, and blue stragglers(BS) are discussed in Section 4; Finally, conclusions are given in Section 5.
lgw@bao.ac.cn 2. DATA The data from Gaia DR2 (Gaia Collaboration et al. 2018; Lindegren et al. 2018) and SDSS DR9 are crossed match using the database gaiadr2.sdssdr9 best neighbour in TopCat (Taylor 2005) . Parameters (T eff , log g, [Fe/H] and radial velocity (RV)) of the spectra from LAMOST DR6 1 (Cui et al. 2012; Zhao et al. 2012 ) are calculated by LASP (LAM-OST Stellar Parameter Pipeline) (Wu et al. 2011a (Wu et al. , 2014 , and the main algorithm used in LASP is ULySS 2 (Koleva et al. 2008 (Koleva et al. , 2009 ) with ELODIE interpolator (Wu et al. 2011b) . We also use ULYSS with ELODIE interpolator to recalculate parameters of the spectra from SDSS DR14, so all spectral parameters used in this paper are all from the same pipeline. In the following, magnitudes with subscript 0 indicate they have been corrected by the extinction given by Schlafly & Finkbeiner (2011) , which is 0.86 times those given by Schlegel et al. (1998) , and we also denote gr 0 ≡ g 0 − r 0 . We adopt in this paper the stream-centered (φ 1 , φ 2 ) coordinate system and conversion equations given by Koposov et al. (2010) . There are several papers in the literature which document a systematic underestimate of Gaia DR2 parallaxes, with varying shifts from -0.029 to -0.07 to -0.08 mas (Lindegren et al. 2018; Zinn et al. 2018; Stassun & Torres 2018) . In this paper we adjust Gaia DR2 parallaxes by adding by 0.029 mas. Fig. 1 shows the proper motions of stars in the Gaia DR2 sample within −60
Astrometric and Photometric Data
• < φ 1 < −20
The overdensity at the bottom left corner clearly stands out. We select the GD-1 candidates with proper motions in the red polygon in Fig 1. Their CMDs from SDSS DR9 and Gaia DR2 are shown in the left and right panels of Fig. 2 respectively. Overlaid in the left panel, the red line is the best fit isochrone from the Dartmouth isochrone library (Dotter et al. 2008) with [Fe/H] = −2.3, an age of 13 Gyr, and a distance of 8 kpc. The area enclosed by the blue lines in Fig. 2 is
(1) Stars in this area are dwarfs, whose parallax distribution is shown in Fig. 3 , where we can also see that almost all stars have |̟| < 1 mas. The red line is the fitting Gaussian function with a mean of 0.071 mas and a variance of 0.48 mas. Because of the big uncertainty, we cannot estimate the distance of GD-1 stream from the distribution. If we apply the parallax correction recommended in Stassun & Torres (2018) , which is ∼ −0.08 mas, we obtain an estimated typical distance to the stream center from the sun of ∼ 8kpc.
We use the CMD of these dwarfs with |̟| < 1 mas and −5
• < φ 2 < 1 • to select GD-1 member candidates with distances in 8-10 kpc. We divide the full range where GD-1 candidate stars are detected φ 1 : [−85
• , 5 • ] into 18 regions each with a 5
• interval. Their diagrams of µ α cosδ − µ δ are shown in Fig. 4 . The red circle in each panel is where we select GD-1 candidates. The radius of each circle is 2 mas/yr, which is large enough to cover most GD-1 members, while their fiducial centers are given in Table 1 .
We select the overdensities in Fig. 4 by hand, then convert the circle centers in Fig. 4 to (µ φ1 , µ φ2 ) coordinates. We also use the correction formula in Koposov et al. (2010) to correct the Sun's reflex motion (note that there is a typo in µ φ1,2,c = µ α,δ − µ reflex , which should be µ φ1,2,c = µ α,δ + µ reflex ) by assuming the distance along φ 1 : d(φ 1 ) = 8 kpc if φ 1 < −20
• , (φ 1 + 20) × 0.1 kpc, otherwise, and V ⊙ = 220 km/s. Fig. 5 shows the circle centers in Fig. 4 in (φ 1 , µ) coordinate. In each panel, asterisks are µ φ1 s, while diamonds are µ φ2 s, and these circle centers are shown in red, while the data from Table 4 in Koposov et al. (2010) are shown in blue. The proper motions µ φ1 and µ φ2 in the right panel have been corrected for the Sun's reflex motion, while those in the left panel are not corrected. The left panel shows that these circle centers coincide well with data from Table 4 in Koposov et al. (2010) , while the right panel shows that µ φ2 ∼ 0 mas/yr, which implies that GD-1 stars move along the GD-1 trace. Fig. 6 and 7 show the µ α cosδ and µ δ of the stars in the circles in Fig. 4 along φ 1 , respectively. We fit these µ α cosδ and µ δ by polynomials with the lowest orders that visually go right through the centers of these data along φ 1 in Fig. 6 and 7 respectively. The result polynomials are:
and
respectively. The red central line in Fig. 6 is f 1 (φ 1 ), while that in Fig. 7 is f 2 (φ 1 ). These two equations can correct small deviations of the circle centers in Fig. 4 selected by hand. Now, we map the GD-1 stream using stars by the criteria: (1) They should be in the GD-1 dwarf CMD of 8-10kpc, (2) |̟| < 1 mas, and (3) They should be covered by the circles in Fig. 4 . Fig. 8 shows positions of these stars, where the GD-1 overdensity clearly stands out and follows the trace. We select some fiducial points along the GD-1 trace in (φ 1 , φ 2 ), which is listed in Table 2 , then fit them by a quadratic polynomial:
, which is the red line in Fig. 8 . We also introduce
to help us further study the GD-1 stream. To determine the distances of different parts of the GD-1 stream, we select stars by the criteria: Table 1 .
spectral Data
We select the GD-1 candidates in the spectral data of SDSS DR14 and LAMOST DR6 by the criteria: (1) |̟| < 1 mas, (2)|φ 
km/s, while the dotted lines are f 4 (φ 1 ) ± 50 km/s. We can see that stars are crowded in this range, where GD-1 members are located. The spectroscopic stars in SDSS DR14 and LAMOST DR6 that meet all of the above four criteria and also have radial velocities |RV − f 4 (φ 1 )| < 50 km/s are selected as GD-1 spectroscopic stream member candidates. One hundred and thirty-six spectra for 116 individual stars from SDSS DR14 and 32 spectra for 20 individual stars from LAMOST DR6 are given in Table 3 and Table 4 respectively. Panel B of Fig. 11 shows the [Fe/H] distributions of these spectroscopic member candidates. The black histogram is for SDSS stars, which is fitted by a Gaussian function and indicated by a dotted profile, while the red histogram is for LAMOST stars. The fitted value of [Fe/H] histogram for SDSS stars is −2.20 ± 0.12 dex, while the peaks of [Fe/H] histograms for SDSS and LAMOST stars are all at ∼ −2.25 dex, which are well consistent with −2.3 dex that the photometric data give in Fig. 2 . Gao et al. (2015) has shown that for low metal stars, [Fe/H] ((Wu et al. 2014) less than −1.5 dex in LAMOST DR1, which are determined by LASP with ELODIE interpolator) are systematically measured higher when compared with those in the PASTEL catalog (Soubiran et al. 2010) . Thus the actual intrinsic metallicity of the GD-1 stream we estimate no more than −2.20 dex, with an estimated error of about 0.12 dex.
Panel C of Fig. 11 shows the sky positions of these candidates, while their CMD is shown in panel D. In these two panels, SDSS stars are indicated by black asterisks, while LAMOST stars are indicated by red circles. The red line in panel D is the Dartmouth isochrone with [Fe/H] = −2.3, an age of 13 Gyr, and a distance of 8 kpc. The former panel shows that SDSS stars are distributed along the whole GD-1 trace, while LAMOST stars are only extended to φ 1 ∼ −52
• from φ 1 ∼ 5
• ; The latter panel shows most LAMOST stars are giants or subgiants, while SDSS stars are mostly G dwarfs and F turnoff stars.
The parallax distributions of these spectroscopic candidates from SDSS and LAMOST catalogues are shown in panel E by black and red histograms respectively. The parallax distribution of SDSS is fitted by a Gaussian function, which is shown by a dotted profile, with a mean of 0.18 mas and a variance of 0.21 mas. Panel F shows the proper motions of these spectroscopic candidates. The µ α cosδ and µ δ of SDSS spectroscopic candidates are shown by black asterisks and black crosses respectively, while those of LAMOST spectroscopic candidates are shown by red circles and red diamonds respectively. Equation 2 and 3 are overplotted by black lines as guidelines.
ORBIT FITTING
Now we have 6D phase space information along the GD-1 trace: (1) radial velocities from Table 3, 4 and Table 1 in Koposov et al. (2010) , (2, 3) proper motions from Equation 2 and 3, (the errors in φ 1 : [−60
• , −10 • ] are less than 0.4 mas/yr, beyond this range the errors are harder to estimated, but we estimate a large upper bound of 1 mas/yr ), (4) the isochrone fitting distances from Table 1 and (5, 6) the sky positions from Table 2 . We use three Galactic potential models from galpy 3 (Bovy 2015) to fit the GD-1 trace: Model 1 is a spherical MWPotential2014, Model 2 is LogarithmicHaloPotential with the potential flattening q Φ = 0.9, the distance from the sun to the Galactic center ro = 8.0 kpc and the circular velocity at sun vo = 220 km/s, and Model 3 is similar to Model 2 but ro = 8.5 kpc.
We construct an objective function of how well each model fits based on 6D information. The objective function is defined as the sum of χ 2 of each dimension divided by the number of data points (data of five of the six dimensions are functions of φ 1 ). The χ 2 of each dimension is the sum of squares of differences between data and modal divided by the data errors. We minimize the value of the objective function, then obtain the GD-1 orbit under a given modal. Results are shown in Fig. 12 . The red data are from this paper, while the blue data are from Koposov et al. (2010) . The red data and blue radial velocities are used to fit the GD-1 orbit by models, while other blue data are used for comparison. The dashed dotted, dashed and solid lines are the fitted orbits from Model 1, 2 and 3 respectively. From this figure, and the extended, added data gather here, we find the data can be well fitted by Models 2 and 3, while Model 1 has a much poorer fit. The orbit from Model 3 shows that the stream has an eccentricity e ∼ 0.3, perigalacticon of 14.2 kpc, apogalacticon of 27.0 kpc and inclination approximately i ∼ 40
• .
DISCUSSION
In this section, we continue to inspect the GD-1 stream and its environs. We select stars by criteria:
(in kpc) to fit the distance given by Modal 3 in Section 3 along the GD-1 trace, with error less than 0.1 kpc. Then we shift all stars to 8 kpc by distance modulus DM = 5 lg(D(φ 1 )/8) and denote g c 0 = g 0 − DM . We also obtain the absolute magnitude of SDSS g: M g = g 0 − 5 lg(D(φ 1 )) − 10. We will use the refined magnitude definition here in the section that follows to explore density variation along the stream. • . The stellar counts with Poisson error along GD-1 trace between the two blue dotted lines are shown in the bottom panel. While we acknowledge that because we use Gaia DR2 to select candidate stream members, and that catalog is limited to g ∼ 21, that the statistical significance of suspect over or underdensities may also be limited, we do find that:
Stellar Density Fluctuation along the GD-1 Trace
(1) There are four candidate overdensities along the GD-1 trace. These four overdensities are at φ 1 : [−54
• ], which are denoted as O1, O2, O3 and O4 respectively; (2) There is a gap centered around φ 1 ∼ −21
• , which has no GD-1 candidate member star; (3) There are two candidate underdensitiies at φ 1 ∼ −40
• and φ 1 ∼ −8
• ; (4) The width of stream visually broadens along the GD-1 trace from O3 along two directions; (5) There is a noticeable wobble in O1; (6) The stellar density drops suddenly to background level at φ 1 ∼ 2
• ; (7) A spur originates at φ 1 ∼ −40
• , where the O1 and O2 are separated, which is discussed by Price-Whelan & Bonaca (2018) and also shown in Figure 10 of Koposov et al. (2010) . We conjecture that it results from GD-1 stars pulled out of the stream by an encounter. Thus, O1 and O2 were once on a single overdensity, but separated later. Fig. 14 shows the density profiles of four overdensities O1, O2, O3 and O4 along φ c 2 . We fit these profiles by Gaussian functions, and in each panel, the Gaussian width σ, center and full width at half maximums(FWHM) are also given in red. Their lengths along φ 1 and FWHMs in degrees along the φ c 2 are shown by the red rectangles in the upper panel of Figure 13 . All information about these four overdensities are given in Table 5 , where the areal densities of dwarfs are the ratios of dwarf number(calculated from Gaussian fitting) divided by areas of rectangles in the upper panel of Fig. 13 . Their Gaussian centers are 0.039
• , −0.051 . These FWHMs show that the narrowest place of the GD-1 stream is in O3, and then broadens gradually along two directions. Besides, O3 has the highest areal density of dwarfs as shown in Table 5 . For stars stripped from the progenitor cluster earlier would move away further both in position and velocity from the progenitor (Bovy et al. 2014) 
, which has the narrowest stream width, highest stellar areal density and also shows a noticeable wobble, is the most likely candidate for the GD-1 stream progenitor.
Systems at the end of their bound lifetime like GD-1 are not expected to be stripped smoothly, so at least some fluctuations from the normal trace are expected to simply be the result of the last few stripping episodes being stochastic and erratic. But given the overall density structure, it seems possible that the local density is affected by the encounters that created the under dense features. After all, the energy of the stars is redistributed, and shocks and caustics could mess up the smooth stream density. A more detailed dynamical model of the stream over time including encounters with dense structures and tracing the stream as it passes through the plane of the disk will help determine the nature of these encounters.
Blue Horizontal Branch(BHB) Stars and Blue Stragglers(BS)
In this subsection, we require selected stars satisfying the following criteria: (1) |̟| < 1 mas; (2) −85
Their CMD is shown in Fig. 15 . Because the spectroscopic parameters for hot stars are more difficult to derive, due to less characteristic spectral lines, different physical mechanism and sparse templates, we only give radial velocities for stars with gr 0 < 0.1 from LAMOST DR6 and SDSS DR14, which are shown in Fig. 16 , where one symbol represent one spectrum, so a star may have several symbols. From the figure we can see that the radial velocities of all blue stars are well within the radial velocity range of GD-1 stream, so we believe all these spectroscopically observed stars are GD-1 members. All blue stars with gr 0 < 0.1 from spectroscopic catalogues of LAMOST DR6 and SDSS DR14 are listed in Table 6 and  Table 7 respectively.
We overplot all spectroscopic GD1 member stars from LAMOST DR6 and SDSS DR14 by red and blue circles in Fig. 15 respectively -the positions of BHB and BS stars of the GD-1 stream are clearly shown. We select BHB stars by the criteria of 0.3 < M g < 0.8 and −0.3 < gr 0 < −0.1, and BS stars by the criteria of 1.5 < M g < 4 and −0.2 < gr 0 < 0.1. There are total seven BHB and 21 BS stars of the GD-1 stream, which are listed in Table 8 . In LAMOST DR6 and SDSS DR14, there are six and two spectroscopic BHB stars respectively, and four and eight spectroscopic BS stars respectively. Not counting spectra of the same star, we have a total of six new spectroscopic BHB and ten new spectroscopic BS candidate stream members.
CONCLUSION
In this paper, combining spectroscopic and photometric data from SDSS DR14, high precision astrometric data from Gaia DR2 and spectroscopic data from LAMOST DR6, add significantly to the numbers of GD-1 stream high confidence candidate members and obtain a full 6D phase-space map of GD-1 stream with high precision. We conclude this information about the GD-1 steam and its stellar contents:
(1) The GD-1 stream is the relic of a very old, low dispersion object, such as a metal-poor globular cluster or possibly an ultra-faint dwarf galaxy, with [Fe/H] ∼ −2.3.
(2) Its observed length today on the sky from the sun is at least 90 • . (3) There are four candidate stellar overdensities, one candidate gap and two candidate stellar underdensities along the stream trace. The trace appears to break at φ 1 = 2
• . (4) The GD-1 progenitor is most likely located at (φ 1 , φ • seems to consist stream stars pulled off from the GD-1 stream by an encounter with a massive object.
(6) We find six new BHB and 10 BS spectroscopic members of GD-1. In summary, thanks to Gaia DR2, we can obtain much detailed phase space information about the GD-1 stream, which can help us to explore the nature of GD-1 stream and study the Galactic potential. The spectra of stream members from SDSS DR14 and LAMOST DR6 helps to understand the origin of the progenitor of the GD-1 stream. Four apparent overdensities, the gap, the spur, and other stellar fluctuations along the stream can help us to understand the history of GD-1 disruption process and possibly the nature and frequency of massive dark matter subhalo encounters. Table 1 , and radii are all 2 mas/yr. Figure 5 . The circle centers in Fig. 4 , but have been converted to (φ1, µ) coordinate. In each panel, circles are µ φ 1 s, while diamonds are µ φ 2 s, and the data from Table 1 are shown in red, while those from Table 4 "L" indicates that the object has one or more spectra in LAMOST DR6 in Table 6 ; "S" indicates that the object has one or more spectra in SDSS DR14 in Table 7 .
